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Finally, the S = 1 state is split into singlet ground state and doublet excited state by trigonal distortion. Therefore, the Fe 2+ ion is considered as the pseudo-spin S = 1 with easy-plane anisotropy ( ). 19, 31, 32 Section S3. EW SwW W theory for trW iangular antifer Hamiltonain The spin Hamiltonian for the triangular antiferromagnet CsFeCl 3 is given by
where
In Eq. (S1), the summation ∑ chain ⟨i,j⟩ and ∑ plane ⟨i,j⟩ are taken over the nearest neighbor spin pairs along the c-axis and in the ab plane, respectively; J c is strong ferromagnetic (J c < 0) and J ab is weak antiferromagnetic (J ab > 0).
As observed by the neutron scattering measurement, the 120 • structure in the ab plane is stabilized. In this structure, the angle of the magnetic moment measured from the x-axis is expressed as ϕ i = Q · r i + ϕ 0 with Q = 1 3 a * + 1 3 b * . Here, r i represents the position of the i site; a * and b * are reciprocal lattice vectors, and ϕ 0 represents the phase of the 120 • structure.
Value of ϕ 0 does not affect the result.
For the 120 • structure, we introduce a local ηζξ coordinate at each i site. Here, the η-axis is taken along the ordered moment on the xy plane, as shown in Fig. 4B in the main text (33-35).
The ζ-axis is chosen perpendicular to the η-axis on the xy plane. In the ηζξ coordinate, the spin
The Hamiltonian is then expressed as
,
Here, ϕ ij = ϕ i − ϕ j . The longitudinal and transverse spin fluctuations of the ordered moment are decoupled in the diagonal (ηη + ζζ and ξξ) term. On the other hand, they are hybridized by the off-diagonal (ηζ − ζη) term, which we will call LT-hybridization term, in noncollinear states (sin ϕ ij ̸ = 0), as we will see below.
Mean-field solution
At each site, the mean-field Hamiltonian is expressed as
Here, ⟨S η ⟩ represents the expectation value of the moment of the local ground state. Note that the mean-field solution is the same at all sites in the local ηζξ coordinate. The mean-field ground and excited states are given by (17)
Here, |G⟩ is the ground state, while longitudinal |L⟩ and transverse |T ⟩ states are the second and first excited states, respectively. The expectation value of the moment is expressed as
In the disordered phase, u = 1 and v = 0. In the ordered phase, they are given by (18)
with
Parameters D, J c , and J ab change with pressure. The quantum critical point is expressed by
On the basis of the |G⟩, |L⟩, and |T ⟩ states, spin operators at each site are expressed in the following matrix form (17):
As shown in Fig. 1A in the main text, the |L⟩ state can be excited from the ground state by the longitudinal (S η ) component, while the |T ⟩ state is excited by the transverse (S ζ and S ξ ) components. This indicates that the |L⟩ and |T ⟩ states are accompanied by the longitudinal and transverse spin fluctuations, respectively. Since u ≫ v in the vicinity of the quantum critical point, S ζ dominates the excitation of the |T ⟩ state. This means that the transverse fluctuation is restricted in the ab plane by the strong easy-plane anisotropy.
Magnetic excitations
The extended spin-wave theory (ESW) was introduced to study excited states in quadrupoleordered phase in f electrons systems (22, 35) . It is equivalent to the harmonic bond-operator formulation (23) introduced to study the bilayer spin system (24), which was also applied to interacting spin dimer systems (25, 26) . The ESW has the advantage to study spin systems with various types of complex anisotropies (35). We briefly introduce the formulation and explain how the hybridization of the |L⟩ and |T ⟩ states is brought about in one-magnon process in noncollinear states.
The characteristic point of the ESW is that bosons are introduced for the local excited states (22). On the basis of the mean-field solution, the mean-field Hamiltonian at each site is expressed as
where E m is the energy eigenvalue of the excited state measured from the ground state. a † im and a im are creation and annihilation Bose operators for the |m⟩ state at the i site, respectively (17, 22) . Equation (S10) represents that there are two (m = L, T ) local excited states at each site.
The intersite interactions give rise to dynamics of bosons. First, we consider H c ij in Eq.
(S4). The hopping process is expressed as
Here, the first (second) term describes hopping of the |L⟩ (|T ⟩) state. It is caused by the longitudinal (transverse) component of the spin operator, as shown in Fig. S3A . As for the transverse component, S ζ dominates the excitation. In addition to the hopping process, there are pair creation and annihilation processes. They are expressed as These processes are shown in Fig. S3B . Since the cosine term of H ab ij in Eq. (S4) is diagonal for the |L⟩ and |T ⟩ states, the hopping, pair creation, and pair annihilation processes are also expressed by Eqs. (S11) and (S12) with the replacements of J c → J ab cos ϕ ij for α = η, ζ and J c → J ab for α = ξ. Therefore, the |L⟩ and |T ⟩ states are not hybridized by the above processes. On the other hand, the two states are hybridized by the sine term of H ab ij as in the following from:
These processes are shown in Figs. S3C and S3D. We emphasize that such processes for LThybridization can only exist in noncollinear ordered states, i.e., sin ϕ ij ̸ = 0, and they play an 
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Evolution of Calculated Neutron Spectra by Pressure
As in the main text, we introduce the following linear pressure dependencies in D, J c , and J ab : (q, ω) . Owing to the strong easy-plane anisotropy of the D term, the intensity of S zz (q, ω) is strongly suppressed and the E q,ℓ mode is difficult to detect in CsFeCl 3 . This means that the spin fluctuations are restricted in the ab plane and we only plot the four E q±Q,ℓ (ℓ=1,2) modes in Fig. S4 .
Just above p c , we show such split modes of E q±Qℓ (ℓ =1,2) in Fig. S4D . We can notice that the strong intensity region traces the single mode in the disordered phase. This indicates that the INS spectra continuously evolves through the critical pressure and satisfies the property of the second-order phase transition. At 1.4 GPa [see Fig. S4E in Fig. 2C at 1.4 GPa in the main text is the remnant of the single mode in the disordered phase.
In the vicinity of the critical pressure, the energy levels of the |L⟩ and |T ⟩ states are very close. In addition to this, the matrix element for LT-hybridization is large. These lead to the strong hybridization between the |L⟩ and |T ⟩ states in one-magnon level and the excitation en- Section S4. Detailed data analysis for triple-axis spectrometer
The constant q scans (q = (−k, 2k, 0)) at 1.4 GPa in Fig. 3A were analyzed by the Lorentzian convoluted by the resolution function of the triple-axis spectrometer CTAX. The damping oscillator model was assumed for the treatment of the lifetime of magnon. The following parameters were used for the analysis: peak energy, Lorentzian width, intensity, and the coefficients for dispersion curves. Because some of the peaks were close to each other in comparison to the widths, we selected the number of peaks and initial peak energies considering the results calculated via ESW calculation using parameters that were estimated from the data collected by the chopper spectrometer in a wide pressure range. Therefore, our analysis is the refinement of the parameters that reproduces the experimental data instead of global fitting in a wide q − ℏω range.
The red and black curves in Fig. S5A are the dispersion curves numerically obtained by the ESW. Because they are not analytically obtained, we assumed linear approximation at specific qs indicated by the dotted lines for convolution calculation. For the analyses on the constant q scans at k = 1/3 and 2/3 in Fig. 3A , we assumed double peaks because the ESW calculation suggests that two modes at 0.5 and 0.75 meV, which are indicated by open circles p' and q' in Fig. S5A , respectively, have finite intensities in the finite energy region. Flat dispersions were assumed because the calculated modes by the ESW have minima at the qs. After the refinement fitting using the double Lorentzians convoluted by the resolution functions, the peak energies were obtained. They are plotted by filled circles p and q. For k = 1/2, we assumed single peak because the calculated spectrum suggests a strong mode at 0.5 meV, indicated by the open circle r' and weak mode at 1.0 meV. A pair of linear dispersions were assumed at k = 1/2, as indicated by the dotted lines. For k = 5/6, we assumed double peaks, even though four modes were expected in the calculation. The two modes indicated by red curves in the high energy range were close to each other and are difficult to be resolved, and the other two modes indicated by black curves in the low energy range have weak intensities and are difficult to be resolved.
Flat dispersions were assumed at k = 5/6 for convenience. For k = 1, we assumed single peak and flat dispersion. Peak energies, half widths at half maxima (HWHM) of Lorentzians, and intensities are summarized in Table S2 . The estimated HWHM of Lorentzians are added as the error bars in Fig. S5A . The HWHM of indices v is wider than the experimental resolution, even though the peak includes two modes v 1 and v 2 . The HWHM of the index w is evidently greater.
These results suggest that the lifetime of the magnons are shortened.
Because we introduced simple linear pressure dependencies in the interaction parameters, as given by Eqs. (S14)-(S16), to reproduce the pressure dependence of the excitation energies in a wide pressure range, small differences between the experiment (filled circles) and theory (open circles) at 1.4 GPa are inevitable in Fig. S5A . Nevertheless, the experimental data is consistent with the characteristic behavior of the INS spectrum considering the LT-hybridization shown in Fig. S4E , instead of the spectrum neglecting the LT-hybridization shown in Fig. S4I .
Comparison between the experimental and theoretical intensities are shown in Fig. S5B . The linear dependence between them clearly indicates that the extracted momentum dependence of the intensity is consistent with the theoretical values. This confirms that the dispersive excitation modes are actually observed by the triple-axis spectrometer, despite the broad observed peaks.
Let us finally discuss the broad line width. We speculate that it originates from spontaneous magnon decay. There are two possible decay channels. One is from the magnon decay originating from a longitudinal to a pair of transverse excitations, as observed in TlCuCl 3 (8, 9, 37 ). This process is described by the cosine term in Eq. (2) in the main text and can exist even in collinear magnetic structures. The other decay channel is described by the sine term in Eq. (2) and it is characteristic to the noncollinear structures. It enables the decay of transverse excitations, as pointed out in the noncollinear magnetic structures (1 , 34) . Thus, we should consider both decay channels to study the broad line width. Detailed investigation will be conducted in future works. (−k, 2k, 0) ) at 1.4 GPa by Lorentzians convoluted by the experimental resolution functions. Lorentzian widths for the indices p -t are small, meaning that the lineshapes are resolution limited.
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